The myelin proteolipid protein (PLP) gene (i.e., the PLP/DM20 gene) has been of some interest because of its role in certain human demyelinating diseases, such as Pelizaeus-Merzbacher disease. A substantial amount of evidence, including neuronal pathology in knock-out and transgenic animals, suggests the gene also has functions unrelated to myelin structure, but the products of the gene responsible for these putative functions have not yet been identified. Here we report the identification of a new exon of the PLP/DM20 gene and at least two new products of the gene that contain this exon. The new exon, located between exons 1 and 2, is spliced into PLP and DM20 mRNAs creating a new translation initiation site that generates PLP and DM20 proteins with a 12 amino acid leader sequence.
The myelin proteolipid protein (PLP) gene (i.e., the PLP/DM20 gene) has been of some interest because of its role in certain human demyelinating diseases, such as Pelizaeus-Merzbacher disease. A substantial amount of evidence, including neuronal pathology in knock-out and transgenic animals, suggests the gene also has functions unrelated to myelin structure, but the products of the gene responsible for these putative functions have not yet been identified. Here we report the identification of a new exon of the PLP/DM20 gene and at least two new products of the gene that contain this exon. The new exon, located between exons 1 and 2, is spliced into PLP and DM20 mRNAs creating a new translation initiation site that generates PLP and DM20 proteins with a 12 amino acid leader sequence.
This leader sequence appears to target these proteins to a different cellular compartment within the cell bodies of oligodendrocytes and away from the myelin membranes. Furthermore, these new products are also expressed in a number of neuronal populations within the postnatal mouse brain, including the cerebellum, hippocampus, and olfactory system. We term these products somal-restricted PLP and DM20 proteins to distinguish them from the classic PLP and DM20 proteolipids. They represent putative candidates for some of the nonmyelin-related functions of the PLP/DM20 gene.
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The gene encoding the myelin proteolipid protein (PL P) is alternatively spliced to produce two mRNA products that encode two transmembrane proteins (i.e., PL P and DM20). These proteolipids constitute ϳ50% of the protein in the myelin sheath and, as such, are among the most abundant proteins in the C NS. Peptide mapping and molecular biological studies (Nave et al., 1987) established that DM20 differs from PLP by an internal deletion of 35 amino acids encoded by exon 3B of the gene. The complete amino acid sequences of both proteolipids have been deduced from their corresponding cDNAs in many species, and their strong conservation among species has been noted by many investigators (Nave and Milner, 1989; Hudson and Nadon, 1992; Macklin et al., 1990; Griffiths et al., 1995 Griffiths et al., , 1998a Griffiths, 1996) .
Expression of the PL P/ DM20 gene was thought to be confined to myelin-forming cells in the C NS. In recent years expression of the gene has been observed in the PNS, embryonic C NS, and the heart (Puckett et al., 1987; C ampagnoni et al., 1992; Ikenaka et al., 1992; Kamholz et al., 1992; Timsit et al., 1992 Timsit et al., , 1995 . Furthermore it appears that expression of both isoforms, PLP and DM20, can occur in the thymus, spleen, and lymph nodes of the immune system (Pribyl et al., 1996a,b) . Thus, the expression of the PLP/DM20 gene in so many nonmyelinating cells has strongly suggested, although indirectly, a role for PLP and/or DM20 beyond that of a myelin structural protein.
It has been difficult to define the nonmyelin role of the PLP/ DM20 gene or even to assess whether this role was performed exclusively by the known gene products or perhaps by, as yet, undefined products of the gene. As part of our investigations into the expression of the MBP gene in the immune system, we found that the PLP/DM20 gene was also expressed in these tissues (Pribyl et al., 1996a,b) . Subsequent reverse transcription (RT)-PCR analysis of the PLP-related products in mouse thymus revealed the existence of a DM20 isoform with a structure predicting a new exon of the gene. Here we report the isolation of cDNAs encoding a novel set of PLP and DM20 transcripts from the brain that define this new exon, and we map it to a genomic segment between exons 1 and 2. Of additional interest is the observation that these novel PLP and DM20 isoforms are expressed in neurons as well as in oligodendrocytes (OLs) in the CNS. These findings reinforce the possibility of a nonmyelin role for the PLP/DM20 gene and suggest that a more complex array of products is expressed by the gene, which may be partly responsible for that role.
MATERIALS AND METHODS
Cell culture. Primary glial cell cultures and enriched OL s were prepared as described previously (Bongarzone et al., 1996) . Cultures of cerebellar granular neurons were prepared from postnatal day 7 (P7) cerebellar cortices as described elsewhere (Gao et al., 1991) . The L BRM T-cell line (a gift of Dr. J. Merrill) and the C N1.4 neuronal line (Bongarzone et al., 1998b) were grown in 10% FC S-DM EM for 4 d before collection.
E xtraction of R NA, RT-PCR , and cloning. Total RNA was extracted from brain tissue or cell pellets using Trizol reagent (Life Technologies, Gaithersburg, MD). Poly(A ϩ ) selection was performed as described in Sambrook et al. (1989) . RT-PCR was performed essentially as described previously (C ampagnoni et al., 1992; Bongarzone et al., 1998a) using the following primer pairs: (1) 114S and 3N PL P to amplif y between exons 1.1 and 7, (2) 114S and 114A to amplif y exon 1.1 only, and (3) 114S and 129A to amplif y between exons 1.1 and 2.
Primer 114S: 5Ј-ACATGGCATTTAAC TGTATTAACCCC TT  Primer 3N PL P: 5Ј-TCAGAAC TTGGTGCC TCGGCCCATG  Primer 114A: 5Ј-AAGCC TGTGTGCATTTTCCAAAGGTC TGG  Primer 129A: 5Ј-CC TACCAGACATC TAGCACAA  PCR conditions were as follows: 94  O C for 4 min; 40 cycles of 94  O C for  1.25 min, 60 O C for 1.25 min, and 72 O C for 1.50 min; and 72 O C for 7 min. Products of the PCR reaction were subcloned using the pGEM-T Easy Vector System according to the manufacturer's instructions (Promega, Madison, W I) and subcloned f urther into pSPORT (Life Technologies). Sequence analysis was performed on representative samples of the PCR products.
Northern blot and nuclease protection assay. Northern blot (10 g of total RNA) analysis was performed essentially as described by Sambrook et al. (1989) using a riboprobe to detect the mRNAs. A pSPORT (Life Technologies) clone generated by PCR amplification between primers 114S and 114A (see above), containing exon 1.1, was linearized with SalI, and a 182 nucleotide antisense probe was synthesized from the T7 promoter. This riboprobe was hybridized at 65°C to Northern blots, which were then washed at 37 and 60°C. Sizes of bands were assigned according to a Gibco-BRL RNA ladder (Life Technologies).
The same probe was used for the ribonuclease protection assay (RPA) (see Fig. 3A ) using a commercially available RNase assay kit from Ambion (Austin, TX). A clone (see Fig. 3B ) containing exon 1.1 plus the first 34 nucleotides of exon 2 in pGEM-T Easy (Promega) was linearized with SalI, and a 225 nucleotide antisense riboprobe was generated from the T7 promoter and used in RPA assays. For RNase protection, either 10 g of total RNA or 3 g of poly(A ϩ ) RNA was hybridized to the probe at 45°C.
Mapping of e xon 1.1 to the first intron of the gene. Eight clones were isolated from a screen of a mouse lambda genomic library (Stratagene 946308, La Jolla CA) with the somal-restricted (sr)PL P cDNA. These were digested with EcoRI, BamHI, and HindIII and with all possible combinations of these enzymes. From a comparison of the resulting Southern blots probed with a f ull-length PL P cDNA and a map published by Macklin et al. (1987) , we identified a lambda clone that contained both exons 1 and 2 of the PL P gene. A comparison of the same blot stripped and reprobed with srPL P cDNA detected no restriction fragments that uniquely reacted with the novel sequence in srPL P. However, an ϳ2 kb BamHI-EcoRI fragment that contained only 83 bp of the 3Ј end of exon 1 appeared much more heavily labeled in the blots probed with srPL P. We subcloned an ϳ2.2 kb HindIII-EcoRI fragment calculated to contain all of exon 1, sequenced the ends to confirm the presence of exon 1, and then sequenced with a primer specific to the novel srPL P cDNA sequence to confirm the presence of the new exon. We deleted the clone from its 5Ј end and sequenced the only two deletion clones that still reacted with the srPL P probe. One deletion began in exon 1 and bridged the gap between exon 1 and the new exon (121 bp). A complete sequence for intron 1 can be found in the GenBank (accession number, AF003838) (Wight and Dobretsova, 1997) .
In vitro transcription-translation. 35 S-Proteins were synthesized in the TN T T7-Coupled Reticulocyte Lysate System (Promega) and analyzed in a 12.5% SDS-polyacrylamide gel.
In situ hybridization. Sense and antisense 33 P-riboprobes corresponding to exon 1.1 were synthesized, and in situ hybridization was performed essentially as described (Landry et al., 1998) except that prehybridization and hybridization were performed at 55°C. Slides were exposed to Hyperfilm ␤-Max (Amersham, Arlington Heights, IL) and then dipped in photographic emulsion (Kodak N TB-2; Eastman Kodak, Rochester, N Y) and stored at 4°C for 4 weeks.
Production of antibodies. A synthetic peptide containing the first 16 amino acids of the srPL P and srDM20 proteins was synthesized, coupled to a multiple antigen protein (Research Genetics, Huntsville, AL), and injected into female New Z ealand White rabbits. After a primary immunization in complete Freund's adjuvant, a series of four boosts in incomplete adjuvant were performed before final bleeding. Antibody titer was monitored by ELISA.
Western blots. Total proteolipid proteins were extracted from mouse brain by the method of Gardinier and Macklin (1988) ; dissolved in 8 M urea, 125 mM Tris, pH 6.8, 4% SDS, and 3% DTT; and loaded on a 15% gel. After transfer to Immobilon-P (Millipore, Bedford, M A), antibodyreactive products were detected using the Vectastain Elite avidin -horseradish peroxidase -coupled system (Vector Laboratories, Burlingame, CA) and SuperSignal chemiluminescent substrate (Pierce, Rockford, IL). Mobilities were compared with Bio-Rad Kaleidoscope and Prestained Molecular Weight Standards (Hercules, CA).
Immunofluorescence c ytochemistr y. Fixed cells were treated with 0.1% Triton X-100 and blocked with 10% normal goat serum. The following primary antibodies were used: rabbit polyclonal anti-srPL P and -srDM20 (1:2000); rat monoclonal anti-PL P and -DM20 (AA3; 1:200) (gift of Dr. K . Ikenaka); and mouse monoclonal antibodies A2B5 (1:100) (obtained from American T ype Culture Collection, Rockville, MD), galactocerebroside (O1; 1:100), and O4 (1:100) (gifts of Drs. M. Schachner, J. Trotter, and A. Gard). Samples were analyzed with a Leica DM RX A microscope (Nussloch, Germany) and a Z eiss L SM 310 confocal microscope.
Immunohistochemistr y. P14 mouse brains were fixed in 4% paraformaldehyde, and sagittal sections (50 m) were processed using the free-floating technique. Sections were incubated with anti-srPL P and -srDM20 antibodies (1:2000 in 0.1% Triton X-100 and 0.1% casein PBS) and processed with the appropriate Vectastain secondary system.
RESULTS

Identification of a new exon in the PLP/DM20 gene
As part of our studies on the expression of the myelin protein genes in the immune system, we performed RT-PCR experiments to determine which isoforms of the PLP/DM20 gene were expressed in P0 thymus. After subcloning and sequencing many of these products, we identified, in addition to DM20 and PLP mRNAs, an unusual PLP/DM20 clone that we called clone 114. It was found to be derived from a DM20 variant mRNA with 109 novel base pairs inserted between sequences encoded by exons 1 and 2 of the PLP/DM20 gene, indicating the existence of a new exon of the gene. Two examples were isolated from a screen of 44 RT-PCR clones from P0 mouse thymus using a probe specific for the new sequence, and one clone was obtained from a screen of 58 RT-PCR clones from embryonic day 14 (E14) mouse brain. An additional screen of ϳ250,000 clones of a mouse oligodendrocyte cDNA library yielded a clone containing the complete open reading frame for the srPLP and one for the srDM20. These results indicate that (1) the new isoforms are expressed in both the immune system and the nervous system and (2) the new exon can be spliced into either DM20 or PLP mRNAs.
Using the novel cDNA sequence, we mapped the location of this new exon (designated exon 1.1) between exons 1 and 2 of the PLP/DM20 gene in the mouse (Fig. 1a) . The new sequence was located in a 2.2 kb genomic fragment, which also contained exon 1. This fragment was sequenced; the new exon 1.1 was found to be 121 bp downstream of exon 1, and it was flanked by appropriate splice donor/acceptor consensus sequences (see Fig. 1b ).
Identification of new PLP and DM20 protein variants
The largest open reading frame in the new PLP or DM20 clones predicted a translated protein sequence that was identical to PLP or DM20 except for an additional 12 amino acids at the N terminals of the proteins, which is reminiscent of a targeting sequence. In the "classic" PLP and DM20 mRNAs, the translation initiation site is at the 3Ј end of exon 1. In the new clones, splicing of exon 1 into exon 1.1 produces a termination signal in-frame with the classic translation start site not far downstream so that this initiation site is unlikely to be used. However, there is a second translation initiation site within exon 1.1 that defines the largest open reading frame in the new mRNAs. The predicted protein from this initiation site would be translated, in-frame, into exon 2 to produce DM20 or PLP proteins with a 12 amino acid peptide linked to their N terminals (shown in Fig. 1 ). We termed these products srPL P or srDM20 (for "somal-restricted" PLP or DM20 in reference to their subcellular localization to be described). To determine whether this second initiation site was actually used, we translated the srDM20 cDNA in an in vitro transcription -translation system. Figure 2a shows selected lanes of a gel in which the translation of the srDM20 cDNA is compared with the products synthesized by either DM20 or PLP cDNA. The major srDM20 product of the translation migrates between the PL P and DM20 controls (shown by hatched and open arrowheads, respectively, in Fig. 2 ) with the expected mobility predicted by the open reading frame. The higher molecular weight bands observed in the analysis of the total products are probably aggregates of PLP, DM20, and srDM20, a phenomenon observed by many investigators (Chan and Lees, 1974; Sakura, 1981; Bizzozero et al., 1982; Trifilieff et al., 1986) .
srPLP and srDM20 mRNAs are expressed in several tissues and cell types
Northern blot analysis of brain RNA indicated that the size of the srPLP and srDM20 mRNAs was ϳ3.4 kb (Fig. 2b) , slightly larger than the classic PLP and DM20 mRNAs (Sorg et al., 1987) . Analysis of mouse OL RNA revealed two bands between 3.4 and 3.5 kb. Figure 3a shows the expression of the srPLP and srDM20 mRNAs by RPA using a probe specific for exon 1.1. In the developing mouse brain the pattern of expression of srPLP and Figure 1 . Organization of the myelin proteolipid protein gene and the sequence of the new exon and the N-terminal peptide encoded by this exon. a, Gene structure showing the location of the new exon 1.1 between exons 1 and 2. Below the gene to the lef t are shown the exonic compositions of the srPLP and srDM20 mRNAs containing exon 1.1 compared with those of the classic PL P and DM20 mRNAs. The translation initiation sites for the classic PLP and DM20 and for the srPL P and srDM20 proteins are indicated in the gene structure within exons 1 and 1.1, respectively. To the right of the mRNAs are diagrams of the protein products corresponding to each of the mRNAs and the number of amino acids (aa) in the protein. The 12 amino acid N-terminal sequences encoded by exon 1.1 are indicated on the diagrams for srPL P and srDM20 (wavy lines). The sizes and locations of the exons are not drawn to scale. b, The sequence of the new 109 bp exon 1.1, underlined in capital letters, given along with the complete intronic sequence between exons 1 and 1.1 as well as some intronic sequence between exons 1.1 and 2 (in lowercase). The translation start site ( filled arrowhead) for srPLP and srDM20 proteins and the new N-terminal amino acid sequence contributed by exon 1.1 are shown above the sequence. The translation initiation site used in the classic PLP and DM20 mRNAs (open arrowhead) at the 3Ј end of exon 1 is shown in italics. srDM20 mRNAs was quite similar to that of classic PLP and DM20 mRNA expression, peaking around the age of maximal myelination (P17) and declining somewhat in the adult. The srPLP and srDM20 mRNAs were expressed in a mouse T-cell line (L BRM) and in mixed glial cultures. The srPL P and srDM20 mRNAs also were found to be expressed in primary cultures of cerebellar granule cells. Figure 3b shows an RPA assay designed to illustrate the difference in the levels of classic and srPLP and srDM20 mRNAs using a riboprobe that protects exon 1.1 and the first 34 nucleotides of exon 2. The 135 nt fragment is derived from the srPL P and srDM20 mRNAs, and the 34 nt fragment is derived from the classic PL P and DM20.
Because RPA analyses do not indicate which of the srPLP and srDM20 mRNA isoforms are expressed, we conducted RT-PCR experiments to determine this (Fig. 3c) . In the brain, the developmental pattern of expression of the sr isoforms was identical to that of the classic isoforms. E xpression of srDM20 mRNA preceded that of srPL P mRNA. The srDM20 mRNA was expressed in the embryonic brain, and the srPL P mRNA was not detected until approximately P5 and then increased to a maximum around the age of peak myelination. The developmental expression in mixed glial cultures followed that of the in vivo results in that srDM20 expression occurred before srPLP expression. In the jimpy brain, both isoforms were detected, but they were smaller than the wild-type isoforms because the jimpy isoforms are missing exon 5 because of a mutation in the acceptor splice site of exon 5. The srDM20 isoform was expressed in P3 thymus and in the LBRM T-cell line, and both srPLP and srDM20 were expressed in cultured cerebellar granule cells.
Expression of srPLP and srDM20 proteins in OLs and neurons
Rabbit polyclonal antisera against the peptide unique to the srPLP and srDM20 proteins were prepared. In Western blots these antisera recognized bands at ϳ27 and ϳ21 kDa, corresponding in size to srPLP and srDM20 (Fig. 4a) along with other lower and higher molecular weight bands reminiscent of blots obtained by others with PLP antisera (Fig. 4b) . These blots were stripped and reprobed with AA3, a rat monoclonal antibody to the C-terminal region of PLP. The srPLP and srDM20 migrated slightly slower than the classic PLP (ϳ25 kDa) and DM20 (ϳ20 kDa) because they are of slightly higher molecular weight because of the extra N-terminal sequence. In PLP and DM20 Western blots of brain, the detection of higher and lower molecular weight products was somewhat variable. The higher molecular weight bands are generally believed to be aggregates of PLP and/or DM20 (Chan and Lees, 1974; Sakura, 1981; Bizzozero et al., 1982; Trifilieff et al., 1986) , and the lower molecular weight bands have not yet been identified, although partial peptide sequences have been obtained for the bovine proteins (Lepage et al., 1986) . Our results would suggest that some of these bands contain the peptide encoded by exon 1.1.
Expression in OLs
Expression of srPLP and srDM20 proteins was readily detected in OLs in vitro. In double-labeling experiments we observed coexpression of srPLP and srDM20 in cells that were A2B5ϩ (Fig. 5, top left (Fig. 5, middle panels) , suggesting expression of these products over a long period of OL development. In all cases we saw that labeling of srPLP and srDM20 was restricted to the cell bodies and to some processes, but we never observed labeling of the sheets elaborated by OLs in culture (e.g., see Fig. 5, right panels) . These results indicate that the srPLP and srDM20 proteins are not localized primarily in the myelin sheath in the OL and suggest that the 12 amino acid leader in srPLP and srDM20 might serve as a targeting sequence. Interestingly, purified OLs, after shaking off and separation from microglia and astrocytes, exhibit very intense staining with the srPLP and srDM20 antibody, significantly higher than that observed in OLs in the mixed cultures.
In situ hybridization with an srPLP-and srDM20-specific probe at a gross level indicates that expression is primarily in white matter-enriched regions. Figure 6 , a and b, shows a sagittal section of P14 brain hybridized to 33 P-antisense and sense exon 1.1-specific cRNA, respectively. There was strong labeling in the white matter regions of the cerebellum, the corpus callosum, and the internal capsule. Higher magnification of these regions shows punctate cellular staining, presumably within OLs of the corpus Figure 2 . In vitro transcription -translation of srDM20 and Northern blot of srPL P and srDM20 mRNAs. a, Plasmids containing the coding regions of srDM20 and the classic DM20 and PL P isoforms were translated in an in vitro transcription -translation system and analyzed by SDS-PAGE. Autoradiograms of the total products of synthesis indicated that the principal radiolabeled bands corresponded in size to the new srDM20 ( filled arrowhead, middle lane) and the classic DM20 and PL P (open and hatched arrowheads, lef t and right lanes, respectively). The individual lanes were part of the same transcriptiontranslation experiment, analyzed in the same gel. Molecular weight standards were also included in the gel to assign the size for each band but are not shown. b, Total RNA from P18 mouse brain (Br) and from enriched OL cultures (OL) was analyzed by Northern blot with a 32 P-riboprobe specific to exon 1.1. A 3.4 kb band was identified in the brain sample. In enriched OL RNA, the 3.4 kb band appeared as a doublet with a minor band at ϳ3.5 kb. In both samples, a 12 kb band, presumably corresponding to heterogeneous nuclear RNA, was observed. Migration of molecular weight standards (data not shown) was used to assign the size for each band. callosum (Fig. 6c) and the deep cerebellar white matter (Fig. 6e) . Analogous regions immunostained for srPL P and srDM20 clearly show staining of interfascicular OL s within the corpus callosum (Fig. 6d, black arrows) and some satellite OL s in cerebellar white matter (Fig. 6f, red arrows) . In marked contrast with PLP and DM20 immunostaining of the myelin sheaths, the srPLP and srDM20 staining is localized to the cell bodies, again consistent with the in vitro data for a different subcellular localization of these proteolipids.
E xpression in neurons
The in situ hybridization data suggested that the srPLP and srDM20 proteins might be expressed in certain neuronal populations within the cerebellum, hippocampus, and olfactory system. Light, but distinct, labeling of neuronal regions within the hippocampus was evident (Fig. 6a,c) . In the hippocampus there was significant labeling of pyramidal neurons in the CA1 (data not shown), CA2, and CA3 (Fig. 6d) regions as well as in hippocampal granule cells in the dentate gyrus (data not shown). Labeling of srPLP and srDM20 mRNA was also evident in neurons within the cerebellar granule cell layer (Fig. 6e, white arrows) as well as in Purkinje cells (Fig. 6e, yellow arrows) . Immunohistochemical studies of the same regions showed labeling of the cerebellar granule cell layer (Fig. 6f ) and Purkinje cells (Fig. 6f , black arrows; see higher magnification in Fig. 6g ).
To confirm these in vivo results, we examined cerebellar granule cell cultures for the expression of srPLP and srDM20. As shown in Figure 6j -l, most of the cells in these preparations stained robustly, along with some that were more lightly stained. As in OLs, the immunostaining of srPLP and srDM20 was confined to cerebellar granule cell bodies.
Olfactory neurons were another class of neurons that expressed srPLP and srDM20. Immunohistochemical analyses of the myelinating mouse brain with the srPLP and srDM20 antibody showed clear labeling of medium-sized neurons in the olfactory regions, a field of which is illustrated in Figure 6h . Figure 3 . Distribution of srPL P and srDM20 in various tissues and cells. a, The expression of srPL P and srDM20 was examined by RPA using an exon 1.1-specific sequence. In mouse brain, peak expression of the srPL P and srDM20 mRNAs was observed between P17 and P26, closely resembling the developmental expression of the classic PL P and DM20 mRNAs. b, The steady levels of both sr and classic mRNAs in P5 mouse brain were examined by RPA using a riboprobe that contained 101 nt of exon 1.1 and 34 nt of exon 2. The level of protection of the classic fragment (34 nt) was significantly higher than that of the sr fragment (135 nt). c, The expression of either srPL P or srDM20 mRNAs was analyzed by RT-PCR using primers 114S and 3NPLP. The expression of srDM20 was found to precede that of srPL P during the development of the mouse brain and in mouse brain mixed glial primary cultures (PC). Truncated forms of srPL P and srDM20 mRNAs, reflecting the deletion of exon 5, were expressed in jimpy brains. Interestingly, the srPLP and srDM20 mRNAs were also expressed in cerebellar granule neurons as well as in thymus and a mouse T-cell line (L BRM). Cer. gran., Cerebellar granule; CN1.4, a conditionally immortalized cortical neuronal cell line; DI V, days in vitro; nt, nucleotide.
DISCUSSION
In this paper we report the identification of a new exon (exon 1.1) of the PL P/ DM20 gene and two new products of the gene that we call srDM20 and srPLP. E xon 1.1 was mapped between exons 1 and 2, thereby increasing the number of exons identified in the gene to eight. This exon is flanked by appropriate splice consensus sequences and, when spliced into PL P and DM20 mRNAs, increases the size of the messages by 109 bp.
The splicing of exon 1.1 in the mRNA also creates a new translation initiation site 72 bp downstream of the beginning of exon 1.1. The existence of the upstream translation start site followed relatively closely by an in-frame termination signal is frequently associated with poorly translated mRNAs and might reduce the translational efficiency of the new srPL P and srDM20 mRNA variants. In spite of this, the mRNAs were translated readily in vitro, and the presence of these isoforms was evident both on Western blots and by immunocytochemistry.
The protein products of srPL P and srDM20 mRNAs appear to be identical to their respective classic counterparts except for an additional 12 amino acid sequence at their N terminals. The distribution of the srPL P and srDM20 proteins in the OLs in vivo and in vitro indicates that they are targeted primarily to sites within the cell bodies and not to the myelin sheath. Analysis of the 12 amino acid sequence found in srPLP and srDM20 in the data base revealed a 55% homology to targeting sequences of proteins localized in the endoplasmic reticulum (ER). This suggests that the variant isoforms might be associated with ER/Golgi membranes rather than with components of the myelin membrane. The antiserum generated against the unique peptide region in the sr proteolipids may prove to be useful for immunohistochemical studies because it stains OL cell bodies and not the myelin sheaths in tissue sections.
The presence of the additional N-terminal sequence in srPLP and srDM20 does not greatly alter the accepted theoretical topography from that of the classic PLP and DM20 proteins (Weimbs and Stoffel, 1992) because hydrophilicity plots show no significant differences. The N terminals of the new isoforms remain hydrophilic and would be found on the cytoplasmic side of the tetraspan protein in the membrane without altering the hydrophobic domains of the protein.
Finding the expression of the srPLP and srDM20 variants in OLs and in the thymus is consistent with the known expression of PLP and DM20 in these tissues. On the other hand, finding immunoreactivity associated with neurons was surprising. The N-terminal sequence in the sr proteolipids has no homology at all to the M6 proteins related to DM20 described by Yan et al. (1993 Yan et al. ( , 1996 , and the antibody should not cross-react with these proteins. Until now, there have been no reports of PLP immunoreactivity in neurons. It is possible that the 50-to 100-fold higher abundance of PLP and DM20 proteins in white matter overshadows the signal from brain regions in which the sr proteolipids are expressed, which we found to be the case with detection of the golli products of the MBP gene with MBP antibodies. It is also possible that conformational changes in the srPLP and srDM20 mask detection with PLP antibodies as is the case with the 010 antibody that is sensitive to PLP and DM20 conformation (Jung et al., 1996) . We also have found that the reaction of golli proteins with MBP antibodies is substantially less sensitive than that with the golli antibodies , possibly because of conformational differences.
Our finding that these new products of the PLP/DM20 gene are expressed in neurons is in keeping with a number of recent studies reporting neuronal abnormalities in PLP-knock-out or -overexpressing mice. For example, recent studies have shown that in the knock-out mice at 6 -8 weeks axonal swellings of small diameter axons with subsequent fiber degeneration were detected throughout the white and gray matter (Griffiths et al., 1998b) . At later ages (ϳ1 year), larger diameter axons became affected, accompanied by fiber degeneration. This phenomenon appeared to be caused by the PLP/DM20 gene ablation because similar swellings were absent in the shiverer mutant with a disrupted MBP gene. Similarly, in older animals of the PLP-overexpressing lines generated by Readhead et al. (1994) , late-onset neurodegeneration has been observed (Anderson et al., 1998) . Very recently, Coetzee et al. (1999) have reported abnormalities of the cerebellar granule cell layer in UDPgalactose:ceramide galactosyltransferase-PLP double knock-out mice, a finding consistent with our observations of the expression of the srPLP and srDM20 in cerebellar granule cells. The extent to which expression of these new isoforms in neuronal populations might contribute to the abnormalities observed in these mice remains to be determined, but they are certainly attractive candidates for this. . Detection of srPL P and srDM20 proteins in proteolipid extracts by Western blot. E xtracts of total proteolipid proteins were prepared from mouse P14 brains, separated by SDS-PAGE, and analyzed on Western blots with a polyclonal antiserum specific for the N terminal of srPL P and srDM20. The anti-srPL P and -srDM20 recognized several bands, the most intense of which migrated with an apparent molecular weight of 27 kDa (lane a). Other lower molecular weight bands were evident at 21, 20, and 11 kDa. The blot was stripped and reprobed with AA3, a monoclonal antibody that recognizes the C terminal of PL P and DM20 (lane b). Very heav y bands of PL P and DM20 were evident, and these migrated with apparent molecular weights of 25 and 20 kDa. Because of the differences in the levels of srPL P and srDM20 and of classic PL P and DM20, lane b is an adjacent lane on the reprobed blot, loaded with less protein. Molecular weight standards were included to assign the relative sizes (data not shown). On the basis of the relative sizes and mobilities of the bands in both preparations, the srPL P and srDM20 were assigned to the 27 and 21 kDa bands, respectively.
The notion that products of the PL P/ DM20 gene may be involved in processes other than myelination first came from cell biological studies on the jimpy mutant. In this mouse there are a number of developmental abnormalities that occur before active myelin synthesis (Knapp, 1996) . For example, premature OL celldeath as well as increased OL proliferation has been reported in the jimpy mouse (Skoff, 1995) . This leads to normal numbers of OLs in the mutant, but they are immature. Interestingly, many aspects of the dysmyelinating phenotype in jimpy are maintained in cells grown in primary culture (Skoff and Knapp, 1990) . These results were difficult to reconcile with a single structural role for PLP and /or DM20 in myelin and suggested that the gene must encode products with biological roles beyond that of myelin structural proteins, because of the apparently unrelated effects of the mutation on the cell biology and differentiation of the OL. These roles have been attributed to DM20 because its expression seems to be more promiscuous than that of PLP. However, concrete evidence of an alternative function for DM20 has not yet been found and does not exclude the possibility of this role being assumed by other products of the PLP/DM20 gene.
The developmental expression and subcellular localization of srPLP and srDM20 suggest several possible functions for these proteins in OLs. The timing of expression of the sr proteolipids is consistent with a role before myelination in the OL precursor and immature OL. For example, in vitro we found colocalization of the srPLP and srDM20 with markers of cells at many stages of development from precursors to mature OLs, suggesting a longterm expression of srPLP and srDM20 in the OL lineage. It is Figure 5 . Expression of srPL P and srDM20 in OL s is localized in the cell bodies but not in the myelin-like membranes. Top Panels, Cells within the OL lineage were found to coexpress srPL P and srDM20 (red fluorescence) with markers of different oligodendroglial developmental stages ( green fluorescence) including A2B5 (precursors), O4 (immature/mature), and O1 (mature). The combined immunofluorescence for srPL P and srDM20 with these markers is shown. Middle, Bottom Panels, Single confocal sections of mature, enriched OL s double stained for srPL P and srDM20 (red fluorescence) and either O1, an antibody that stains primarily galactocerebrosides, or AA3, an antibody that stains classic PL P and DM20 ( green fluorescence), are shown. In all cases examined the srPL P and srDM20 staining was localized primarily in the cell soma and major processes but not in the membranes elaborated by the OLs.
possible that the sr proteolipids play a role in the survival or death of immature OL s. The localization of the sr proteolipids primarily within cell somas, perhaps as part of the ER /Golgi system, suggests that they could play some role in the trafficking of molecules, such as the classic PLP and DM20, within that network. Although the role of these proteins is, as yet, uncertain, they would also be mutated in the PLP mutants. If they have some general role in OLs and neurons, then that might account for Figure 6 . Expression of srPL P and srDM20 is primarily in white matter regions of the mouse brain but is present in some neuronal populations. a, In situ hybridization of a sagittal section of a P14 mouse brain with a 33 P-riboprobe specific for exon 1.1 showing expression of the srPL P and srDM20 mRNAs. b, In situ hybridization of a section adjacent to a using a sense control. c, Higher magnification of a different section (counterstained with cresyl violet) showing portions of the corpus callosum and hippocampus and illustrating the punctate labeling throughout the corpus callosum and in the hippocampus below it. d, Immunohistochemical detection of srPLP and srDM20 in the corpus callosum and the hippocampus. Arrows in c and d point to cells of the size, location, and morphology of OLs that contain srPL P and srDM20 mRNAs and proteins, respectively. Unlike classic PLP and DM20 staining in the corpus callosum, srPLP and srDM20 labeling is confined to the cell somas. Also labeled are the CA2 and CA3 regions of the hippocampus. e, Higher magnification of a cerebellar region showing punctate labeling of srPL P and srDM20 mRNAs in cells throughout the white matter (red arrows) and the internal granular cell layer (white arrows) as well as the Purkinje cells ( yellow arrows). f, Immunohistochemical detection of srPL P and srDM20 in a region of the cerebellum similar to that in e. Cell bodies of OL s are indicated with red arrows, whereas Purkinje cells are indicated with black arrows. Granule neurons located within the IGL were readily immunostained with the antibody. g, Higher magnification of the immunohistochemical detection of srPLP and srDM20 in the internal granule cell layer (open arrows) and Purkinje cells ( filled arrows) from the mouse cerebellum. h, Immunohistochemical detection of srPL P and srDM20 proteins in medium-sized neurons within the anterior olfactory nucleus of the P14 mouse brain. i, Immunohistochemical control for background staining in the cerebellum with preimmune serum to the srPL P and srDM20 antibody. j-l, Primary granular neuron cultures doubly stained for srPL P and srDM20 ( j; red fluorescence) and for tubulin III (k; green). l is an overlay showing that srPLP and srDM20 proteins remain associated with the neuronal cell bodies. CC, Corpus callosum; DCWM, deep cerebellar white matter; Hp, hippocampus; IC, internal capsule; IGL, internal granule cell layer.
